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Summary
The results of an empirical nucleotide-sequencing ap-
proach indicate that the evolution of the human mito-
chondrial noncoding D-loop is both more rapid and
more complex than is revealed by standard phylogenetic
approaches. The nucleotide sequence of the D-loop re-
gion of the mitochondrial genome was determined for
45 members of a large matrilineal Leber hereditary optic
neuropathy pedigree. Two germ-line mutations have
arisen in members of one branch of the family, thereby
leading to triplasmic descendants with three mitochon-
drial genotypes. Segregation toward the homoplasmic
state can occur within a single generation in some of
these descendants, a result that suggests rapid fixation
of mitochondrial mutations as a result of developmental
bottlenecking. However, slow segregation was observed
in other offspring, and therefore no single or simple
pattern of segregation can be generalized from the avail-
able data. Evidence for rare mtDNA recombination
within the D-loop was obtained for one family member.
In addition to these germ-line mutations, a somatic mu-
tation was found in the D-loop of one family member.
When this genealogical approach was applied to the
nucleotide sequences of mitochondrial coding regions,
the results again indicated a very rapid rate of evolution.

Introduction

Sequence analysis of the human mitochondrial genome
(mtDNA) has been used by evolutionary and systematic
biologists to estimate the geographical origin, early pop-
ulation dynamics, and the time since the most recent
common ancestor of modern humans (Cann et al. 1987;
Vigilant et al. 1991; Templeton 1993; Penny et al.
1995). A major limitation to further progress in this area
is the sketchy understanding of the complex processes
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through which mtDNA mutations arise, segregate, and
are fixed at the levels of the organelle, the cell, the indi-
vidual, and the population.

Phylogenetic analysis (also termed the "relative
branch length" method; see Ruvolo 1996) is the most
commonly used approach for estimating the rate of hu-
man mtDNA evolution. The mtDNA nucleotide se-
quences of a sample of individuals are used to construct
a phylogenetic tree by using one of the many available
methods (maximum parsimony, neighbor joining, or
maximum likelihood). The number of mutations that
have occurred along each branch of the tree is then
estimated. Finally, some independent assumption about
the age of the tree (e.g., the time of the human-chimpan-
zee divergence) is applied to derive a rate of divergence.
When this phylogenetic approach has been applied to
the noncoding control region (D-loop) of human
mtDNA or to one or both of the two hypervariable
regions therein (designated "I" and "II"), divergence
rates in the range of 7% -22%/million years (Myr) have
been obtained (Pesole et al. 1992; Stoneking et al. 1992;
Tamura and Nei 1993; Horai et al. 1995). In contrast,
divergence rates for the coding region are much lower,
'-/2%-4%/Myr (Kocher and Wilson 1991; Torroni et
al. 1994b). One limitation to this approach is that, par-
ticularly for the D-loop, there are hypervariable sites
that confound accurate estimates of tree topology and
branch lengths (Wakeley 1993; Penny et al. 1995; Yang
1995).
This range of mtDNA divergence rates introduces a

troubling degree of uncertainty into the question of the
time since the origin of modern humans, with most esti-
mates in the range of 0.2-0.6 Myr (e.g., see Penny et
al. 1995; Wills 1995; Ruvolo 1996). The issue becomes
even murkier when alternative approaches have been
used. Thus, Lundstrom et al. (1992) used a finite-sites
coalescent model to derive an independent assessment of
the rate ofmtDNA evolution. Coalescent models assume
that the extant alleles of a gene (e.g., the mtDNA is
treated as a single "gene") have descended from a single
allele; the coalescent time is related to the frequency of
nucleotide heterozygosity and population size (females
in the case of mtDNA). When their model was applied
to the D-loop hypervariable region I sequence data of
an Amerindian tribal sample (Ward et al. 1991), they
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calculated a divergence rate of 110%/Myr, which is
much higher than that obtained with phylogenetic ap-

proaches. Although their method did not require an ex-

ternal assumption about the age of the mtDNA lineage,
Lundstrom et al. did have to estimate the size of the
female breeding population.

These discrepancies underscore the importance of de-
veloping novel experimental strategies to determine the
rate of mtDNA evolution that are based on minimal
assumptions. We describe here the use of one such em-

pirical approach for the estimation of the rate of human
mtDNA evolution in both the D-loop and coding regions
and for the analysis of the origin and fixation of muta-

tions within the mitochondrial genome.

Experimental Procedures

Tissue Samples
Total DNA was isolated, by standard procedures,

from the white-blood-cell (WBC)/platelet fraction
("buffy coat") of venous blood, from the platelet-en-
riched fraction of venous blood, or from fibroblast cul-
tures that had been established by skin biopsy of one

family member (individual X-18). PCR amplification
was carried out directly with extracts of dried blood
spots, for some family members.

Nucleotide Sequence Analysis
The D-loop of the circular human mitochondrial ge-

nome spans nucleotides 16024-16569 and 1-648
(numbered according to Anderson et al. 1981); the two
halves are contiguous. Two approaches were used to

obtain the nucleotide sequence of the D-loop. In the
first, which is a minor modification of that described
elsewhere (Howell et al. 1995), the D-loop was amplified
as two separate fragments that span, respectively, nucle-
otides 15909-16569 and 1-657. These two D-loop
fragments were cloned separately into M13 vectors, and
the nucleotide sequence was determined by using a stan-

dard dideoxy chain-termination method. Because the
two subfragments insert randomly into M13, the nucle-
otide sequence of -350 bp was determined from each
"end," thereby allowing determination of the sequence

of the entire fragment. To confirm the sequence in the
middle of these two D-loop regions, internal sequencing
primers were used. For each orientation of insertion, the
sequences of an average of five or six independent M13
subclones were determined.

It was difficult to PCR-amplify such large fragments
of the mitochondrial genome (-660 bp each) from dried
blood spots. Therefore, a second strategy was used that
involved PCR amplification of the D-loop as a series
of four overlapping fragments of -350 bp each that
subsequently were used for M13 cloning. In addition
to facilitating PCR amplification, this approach allows

determination of the sequence for both strands of the
entire D-loop region. For each of these four fragments,
10-12 independent clones were sequenced. Control ex-
periments in which both approaches were used with the
same DNA sample yielded identical nucleotide se-
quences (data not shown).
The nucleotide-sequencing analysis of the coding re-

gion has been described elsewhere (Howell et al. 1995).
For the USA1 Leber hereditary optic neuropathy
(LHON) family (see Results), we have concentrated on
the 300-bp mtDNA region that brackets the primary
LHON mutation at nucleotide 14484.

Results

Experimental Rationale
The divergence rate that was derived by Lundstrom

et al. (1992) predicts that 14 of every 1 million children
will differ from their mother at a particular base pair
within hypervariable region I. Because Lundstrom et al.
sequenced a total span of 360 bp, it may be further
predicted that -1/200 children will differ from their
mother at some site within this region. Kocher and Wil-
son (1991) observed that 63% of all mutations in their
sample of D-loop sequences occurred within a span of
400 bp that includes hypervariable region I. Therefore,
we estimate that - 1/125 children should differ from
their mother at some site within the entire 1.2-kb D-
loop; in other words, one mtDNA D-loop mutation
should arise every 125 generations if the divergence rate
derived by Lundstrom et al. (1992) is accurate. In con-
trast, the predicted ratio drops to -1 child/400-1,200
for the slower rates obtained with phylogenetic ap-
proaches (Pesole et al. 1992; Stoneking et al. 1992; Ta-
mura and Nei 1993; Horai et al. 1995). One could em-
pirically test these estimates by D-loop sequence analysis
for a very large number of mother-child pairs (see Dis-
cussion), but we have used a complementary approach
that involves the sequencing analysis of the members of
a matrilineal pedigree. By analyzing a single lineage of
mitochondrial genomes, we "know" the mother's
mtDNA sequence for all family members, and we need
only ascertain those descendants who have accumulated
new mutations within the D-loop. This approach is fea-
sible, however, only because of the availability of large,
well-characterized LHON matrilineal pedigrees.

The TAS2 LHON Matrilineal Lineage
The TAS2 Australian LHON family spans 12 genera-

tions and comprises >700 maternally related individu-
als whose genealogy can be unambiguously traced back
to a woman born in 1714 in London (Mackey and But-
tery 1992). A partial pedigree of the TAS2 LHON family
is shown in figure 1. This family is homoplasmic for the
primary LHON mutation at nucleotide 14484 (Mackey
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Figure 1 Partial matrilineal pedigree of the TAS2 LHON family. Each family member within a generation is assigned an identification
number, and these are shown to the left of the symbols. The blackened symbols denote those individuals affected with the optic neuropathy.
The single asterisks indicate individuals whose D-loop sequences were determined in the initial sequencing analysis. The double asterisks indicate
the maternal relatives of family member X1-17 (denoted by the blackened arrow) who were subsequently analyzed (table 1). The unblackened
arrow indicates family member X-18, who was found to have a somatic D-loop mutation.

and Howell 1992), a point to be discussed later. The
TAS2 D-loop sequence has been reported recently
(Howell et al. 1995), and it was observed that, relative
to the Cambridge reference sequence (Anderson et al.
1981), there were nucleotide substitutions at positions
73, 146, 185, 188, 222,228,263,295,482,489, 16069,
16126, 16261, and 16519; this constellation of poly-
morphisms is defined here as the "TAS2 D-loop haplo-
type."
The TAS2 mitochondrial genome is a member of a

phylogenetic cluster in which the mtDNAs carry the pu-
tative secondary LHON mutations at nucleotides 4216
and 13708 (Howell et al. 1995); this cluster is also the
European haplotype J that was analyzed by Wallace and
coworkers (Torroni et al. 1994a). We have sequenced
the D-loop region from >40 control and LHON pedi-
grrsthfit-arermembers of this phylogenetic cluster. The
closest "relative" to the TAS2 haplotype (namely, other
mitochondrial haplotypes that belong to this phyloge-
netic cluster) differs by three polymorphisms in the D-
loop (data not shown). The fact that the TAS2 haplotype
is thus far unique to this LHON matrilineal pedigree

gives us unalloyed confidence in the genealogy and in
our ability to rule out contamination or mix-up in the
DNA samples. In addition to the Australian TAS2 fam-
ily, we have found three small 14484 English LHON
families who also carry the TAS2 D-loop haplotype
(data not shown). We are attempting further genealogi-
cal studies to link these families to the main TAS2 pedi-
gree. Alternatively, they may represent the descendants
of earlier (i.e., pre-1714) branches.

New D-Loop Mutations in the TAS2 LHON Family
In the first analyses, the entire 1.2-kb D-loop sequence

was determined for 36 members of the TAS2 pedigree
(fig. 1) and for four members of the three English 14484
LHON pedigrees who have the TAS2 haplotype. For
these 40 individuals, we analyzed DNA that had been
isolated from venous blood samples or from dried blood
spots. Furthermore, we sampled widely spaced branches
within the TAS2 genealogical tree space, and we were
thus able to compare individuals whose most recent
common maternal ancestor was the female born in 1714
(individual I-1; fig. 1). No new D-loop mutations were
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Table 1

Germ-Line Origin and Transmission of D-Loop Mutations in a
Branch of the TAS2 LHON Family

FREQUENCY OF MITOCHONDRIAL
GENOTyPESa

FAMILY MEMBER (%)
(No. OF INDEPENDENT
CLONES) +/+ 152/+ +/195

IX-240 (72) 40 33 26
X-144 (102)b 14 53 33
XI-17:

Dried blood spot (58) 16 74 10
Platelet-rich fraction of
whole blood (34) 18 65 18

XI-18 (30) 0 7 93
XI-19 (35) 0 57 43
X-20 (32) 13 41 47
X-21 (32) 100 0 0
X-22 (35) 34 6 60
X-23 (35) 94 3 3

a +/+ denotes the TAS2 haplotype; and 152/+ and +/195 denote
the haplotypes that carry new D-loop mutations.

b An additional clone had a recombinant genotype and carried both
the 152 and 195 substitutions.

detected in the mitochondrial genomes of 39 of these
40 individuals. However, in one TAS2 family member
(individual XI-17, indicated by the blackened arrow in
fig. 1), two new D-loop mutations were detected. Among
58 clones that spanned the appropriate region, 9 (16%)
carried the TAS2 haplotype. However, 43 clones from
this individual had the TAS2 haplotype plus an addi-
tional TA-+CG transition at nucleotide position 152,
and 6 clones (10%) had the TAS2 haplotype plus a
TA-+CG transition at nucleotide 195 (table 1). That is,
this individual is triplasmic and carries three different
mtDNA genotypes. It must be emphasized that the re-
gion of the D-loop that was analyzed carries a unique
constellation of eight substitutions relative to the Cam-
bridge reference: contamination with non-TAS2 se-
quences cannot explain these findings, because the 58
analyzed clones all contained the complete panoply of
TAS2 substitutions.

In addition to the blood samples that were obtained
from the TAS2 family members, we also established a
fibroblast culture from one of them (individual X-18,
indicated by the unblackened arrow in fig. 1). Analysis
of mtDNA D-loop sequences from these fibroblasts re-
vealed the presence of a third new mutation. Of the 24
clones that were sequenced (pooled results from two
different cultures), all carried the TAS2 haplotype but
13 also carried a TA:GC transversion at nucleotide 204.
Again, contamination or sample mix-up can be elimi-
nated as an explanation. It appears that the origin of
this D-loop mutation is somatic and that it did not arise

within the germ line, because the transversion was not
detected among the 19 clones of WBC/platelet DNA
that were analyzed for this individual. Furthermore, this
mutation was not detected in the WBC/platelet DNA of
his mother, his sister, or his two nieces (fig. 1).

Follow-Up Studies of the Xl- 17 TAS2 Branch
It was important to ascertain whether the new D-loop

mutations at nucleotides 152 and 195 in family member
XI-17 had arisen within the germ line and, if so, to
"track" their transmission. To that end, DNA was ob-
tained from his mother, his maternal grandmother, his
three sisters, his brother, and two maternal first cousins
(fig. 1). Furthermore, an additional, independent DNA
sample was obtained from family member XI-17; the
same results were obtained as in the first sequencing
analyses (table 1).
The complete D-loop was sequenced for these addi-

tional eight TAS2 family members; and the relevant re-
sults are summarized in table 1. Several interesting re-
sults emerged. In the first place, it is clear that both
mutations arose within the germ line, because their
transmission through three generations can be estab-
lished. Second, the proportions of the three genotypes
within branch members provide further evidence for the
rapid drift, toward the homoplasmic state, that can oc-
cur during transmission from mother to offspring. Thus,
family member IX-240 carries approximately equal pro-
portions of the three genotypes, but among her descen-
dants there is preferential accumulation of one or two
of the genotypes. This trend is particularly marked for
family members X1-18, X-21, and X-23, who are essen-
tially homoplasmic. Drift is apparently random, and
there is no observable selection that favors one genotype
over another. Finally, in addition to the results shown
in table 1, one clone for family member X-144 (repre-
senting 1% of the total number of clones that were
analyzed) had the recombinant genotype: the mtDNA
D-loop carried both the sequence changes, that at nucle-
otide 152 and that at nucleotide 195.
The presence of the new D-loop mutations in family

member IX-240 and her descendants but their absence
in the six descendants of family members VI-59 and VI-
65 strongly suggests that both mutations arose no earlier
than the germ line of family member VI-57 (fig. 1), who
was born in 1861. More recent analyses have provided
further information on this point. We have analyzed the
D-loop from an affected male who is a maternal second
cousin of IX-240. A total of 39 clones were sequenced
for the appropriate region of the D-loop, none of which
carried the polymorphisms at nucleotides 152 and 195
(data not shown). Therefore, it appears that both of
these sequence changes arose no earlier than the germ
line of family member VII-154, who was born in 1885.
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Figure 2 Pedigree of the 14484 USA1 LHON family. A total
of 280 independent clones from 10 family members were sequenced
for the region of the mitochondrial genome that spans the site of the
14484 primary LHON mutation. All of the clones carried the LHON
mutation, and, hence, it is homoplasmic. However, a silent polymor-
phism at nucleotide 14470 was heteroplasmic, and the numbers indi-
cate the percentage of mitochondrial genomes that carry this new

mutation.

These mutations, therefore, have arisen in close proxim-
ity, both spatially and temporally.

Analysis of Coding-Region Sequences
During the past several years, we have accumulated

nucleotide sequence data for the mitochondrial coding
region from many unrelated LHON pedigrees. In most
instances, only a single member of each pedigree has
been analyzed. In other instances, however, multiple
members of the same LHON family have been used for
sequencing analysis of regions of the mitochondrial ND
(complex I) genes. Some of these families have been de-
scribed previously: the QLD1 LHON family, who carry

the 14484 primary LHON mutation and the pathogenic
4160 mutation (Howell et al. 1991b; Howell 1994); the
NWC1 3460 LHON family (Howell et al. 1991a); and
the TAS1 11778 LHON family (Mackey and Buttery
1992; N.H., unpublished data). In addition to these fam-
ilies, we have also begun the analysis of a small Ameri-
can LHON family who carry the 14484 primary muta-
tion (fig. 2) and who have been designated "USAL." In
these families, the primary LHON mutations are homo-
plasmic.
The cumulative sequencing data for the ND genes

from these four LHON pedigrees are summarized in
table 2. For each region of the mitochondrial genome,

at least two family members were analyzed; and the
results for the four families have been pooled. It should
be stressed that different numbers of family members
have been investigated and that not all four LHON fami-
lies have been analyzed for each ND-gene region. The
results in table 2 indicate that three new coding-region
mutations have arisen in these four LHON families. The
mutations at nucleotides 4136 and 14560 have been
described elsewhere (in Howell et al. 1991b and Howell
et al. 1992, respectively). The third mutation, a silent
polymorphism at nucleotide 14470 (the GLY36 residue
of the ND6 subunit is unchanged), is described here for
the first time (fig. 2).

How well do these results agree with previous esti-
mates of the rate of mtDNA evolution that were derived
by the phylogenetic approach? If the rate of coding-
region divergence is 2%/Myr, then 1 child in every 4
million will differ from their mother at a particular base
pair within the entire coding region (under the assump-
tion that the mean time in a generation is 26 years). The
results in table 2 encompass a cumulative span of 6,773
bp of the coding region. Therefore, it is predicted that
1/590 children will differ from their mother at some

site within this span-or, in other terms, that the rate
of mutation in this span of the mitochondrial coding
region is 1 mutation/590 generations. However, our se-
quencing analyses reveal three new mutations among the
four LHON pedigrees, even though only 4-23 family
members were assayed for each region of the mitochon-
drial genome. A more quantitative comparison can be
derived as follows. A divergence rate of 2%/Myr extrap-
olates to a mutation frequency of -2.6 x 10-7/bp/gener-
ation. In contrast, the results in table 2 yield a mutation
frequency of -5.2 x 10-, a 200-fold-higher rate.
The segregation of these three new mutations differs

in each case, thus reinforcing our view (e.g., see Ghosh
et al. 1996) that simple models for the segregation and
transmission of mtDNA molecules are untenable. The
4136 polymorphism was rapidly fixed in the homoplas-
mic state, probably within a single generation (Howell
et al. 1991b). In contrast, the 14560 polymorphism has
remained heteroplasmic through three generations

Table 2

Genealogical Analysis of the Mitochondrial Coding Region

No. of No. of
Region Analyzed Family Membersa New Mutations

3286-3564 17 0
3540-3815 7 0
3781-4064 5 0
4027-4294 21 lb

4441-5533 4 0
9983-10454 9 0
10435-11664 10 0
11630-11925 16 0
11922-12213 10 0
12116-13599 4 0
13576-14138 5 0
14086-14411 4 0
14381-14699 23 2c

a Members of the QLD1 (Howell et al. 1991b), NWC1 (Howell et
al. 1991a), TAS1 (Mackey and Buttery 1992), and USA1 LHON fami-
lies were analyzed (see Results).

b The Y277C mutation at nucleotide 4136 was found in one small
branch of the QLD1 LHON family (Howell et al. 1991b).

c The silent polymorphism (G36G) at nucleotide 14560 was detected
in the NWC1 LHON family (Howell et al. 1992), whereas that at
nucleotide 14470 occurs in the USAl LHON family (fig. 2).
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(Howell et al. 1992). The 14470 polymorphism (fig. 2)
shows both rapid and slow segregation: it was rapidly
fixed in the homoplasmic state within one branch of the
family, whereas it has not been fixed in the other branch,
probably being lost completely in two members of gener-
ation IV.

Discussion

The impetus for this study was the desire to estimate,
by using a novel and fully empirical genealogical ap-
proach, the rate of divergence within the human mito-
chondrial genome. If we add together all 45 members
of the TAS2 family and include the 4 individuals with
the TAS2 D-loop haplotype, and if we consider that the
two germ-line mutations were independent events, then
we obtain an mtDNA D-loop divergence rate of
-260%/Myr (if we assume that the mean time of a
generation is 26 years, as did Lundstrom et al. [1992])
and a rate of -1 mutation/25 generations. To our
knowledge, these rate estimates for the human mito-
chondrial D-loop are the highest ever reported. Even if
one makes the reasonable assumption that all immediate
maternal relatives who were not analyzed underwent no
new mutations (see, especially, examples such as individ-
uals IX-13, X-145, and XI-3; fig. 1), the derived rate is
still very rapid, - 1 mutation/40 generations. In a similar
manner, genealogical analysis indicates that the diver-
gence rate in the coding region is -200-fold higher than
that derived from the phylogenetic approach.
We state here our preliminary conclusions, pending

further experimental and theoretical analysis, regarding
the rapid rate of evolution that was derived here, to-
gether with a note of caution. The marked disparity
between the genealogical and phylogenetic approaches
is striking, and several possible explanations have been
considered. For example, it is conceivable that our re-
sults represent a statistical "fluke" and that lower diver-
gence rates would have been obtained if the genealogical
approach had been extended to a larger data set (how-
ever, see below). The complete D-loop was analyzed for
45 family members from a total of >700 (most of whom
are still living), a sample size of - 6%. If no additional
new mutations have arisen in this family, then the rate
of divergence would agree with that obtained elsewhere
with the phylogenetic approach. In a similar fashion, the
analysis of the coding region represents the cumulative
results for four different LHON pedigrees, although
(again) only a relatively small number of family mem-
bers have been analyzed. At the same time, this concern
must be tempered with the pragmatic realization that
the TAS2 D-loop analysis reported here represents the
determination and analysis of 1 million bp of DNA
sequence.

Second, it is possible that the rate of evolution may

be much higher in some mitochondrial lineages than in
others; certain constellations of sequences within the D-
loop may increase the rate of additional mutations
within this region; that is, the divergence rate obtained
with a phylogenetic approach would be an "average"
value. In this regard, an important recent study by Nach-
man et al. (1996) is relevant for our results (also see
Ballard and Kreitman 1994; Rand et al. 1994). These
investigators have provided evidence that evolution of
the human mitochondrial coding region is operating un-
der conditions of nonneutrality and that a substantial
proportion of amino acid-replacement substitutions are
not fixed at the population level. They further note that
this nonneutrality will lead to an overestimate of the age
of the human ancestor. We had suggested elsewhere that
the new mutation at nucleotide 4136 in the QLD1
LHON family was an intragenic suppressor and that it
arose under the influence of positive selection (Howell
et al. 1991b). It also must be borne in mind that the
members of the four LHON families carry pathogenic
mutations that impair mitochondrial respiratory-chain
function, and it is certainly plausible that abnormal mi-
tochondrial metabolism may accelerate the rate of
mtDNA mutation. Nachman et al. (1996) also con-
cluded that pathogenic mitochondrial mutations may
increase the ratio of replacement polymorphisms to si-
lent polymorphisms, although not all of their "disease"-
group individuals (Nachman et al. 1996, table 8) carried
mitochondrial mutations whose pathogenicity has been
unambiguously established. It will be important, there-
fore, to apply our approach to other matrilineal pedi-
grees, including those who carry no known pathogenic
mitochondrial mutations.

Until these various issues are resolved, the simplest
explanation for our results is that phylogenetic ap-
proaches have substantially underestimated the rate of
mtDNA divergence and that the more rapid rates de-
rived from the coalescent (Lundstrom et al. 1992) and
the present genealogical approaches are more accurate.
It is important to note that our estimated rate has re-
ceived direct support from a recent and independent
study that involved a large number of direct sequence
comparisons between close maternal relatives from
many unrelated maternal lineages: the empirically deter-
mined D-loop mutation rate was 1 mutation/40 gener-
ations (Ivanov et al. 1996, p. 419; T. J. Parsons, personal
communication) .

Our sequencing approach was specifically designed to
detect both homoplasmic and heteroplasmic mutations,
even if the latter occurred in only 10%-20% of the
mtDNA molecules. Because this sensitivity has not been
feasible for the large-scale population screenings that
were used for the phylogenetic approach, heteroplasmic
mutations would have been over oked in those studies,
thus leading to an underestimtion of the divergence
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rate. In the present studies, six new mutations were de-
tected, five of which were heteroplasmic in at least some
of the LHON family members. There is also independent
evidence that heteroplasmic D-loop mutations are more
frequent than previously had been recognized (e.g., see
Comas et al. 1995). We have sequenced the D-loop re-
gion from - 100 genealogically unrelated individuals: 2
of these had heteroplasmic mutations (N.H., unpub-
lished data). In addition, the last Russian czar carried a
new, heteroplasmic D-loop mutation (Gill et al. 1994;
Ivanov et al. 1996). Thus, our empirically derived muta-
tion rate may be higher simply because of a greater
mutation-detection sensitivity. However, there is an-
other possible interpretation that could explain the dis-
crepancy between the results of the empirical approach
and those of the phylogenetic approaches. The former
will detect newly arisen mitochondrial mutations, and
many of these, even though they have been transmitted
through a few generations, may not be fixed at the popu-
lation level, possibly being lost through the effects of
selection (Nachman et al. 1996); that is, the phylogenetic
approach may more accurately be said to yield the fixa-
tion rate of mitochondrial mutations, rather than the
rate of mtDNA divergence or mutation.

If a rapid divergence rate of mtDNA is confirmed,
previous studies that have used D-loop sequences for
geographical and chronological studies of human evolu-
tion will have to be reevaluated. As noted earlier, phylo-
genetic or relative-branch-length approaches indicate
that the time since the most recent common ancestor is
in the range of 0.2-0.6 Myr. The present results, as well
as those of Lundstrom et al. (1992), suggest either a
much more recent origin of modern humans or that
evolution of the mitochondrial genome is not a reliable
"evolutionary clock" (on this latter point, see Donnelly
and Tavare 1995). Penny et al. (1995) have pointed
out that their phylogenetic analyses of D-loop sequences
may be compatible with "cultural" or Pleistocene-explo-
sion models (e.g., see Noble and Davidson 1991) for a
very recent major expansion of the human population,
perhaps within the past 40,000 years. Analysis of
mtDNA mismatch distributions also support a Pleisto-
cene explosion (Sherry et al. 1994; Rogers 1995). Fur-
thermore, analyses of nuclear genetic loci are also com-
patible with a recent origin for modern humans
(Whitfield et al. 1995; Armour et al. 1996; Tishkoff et
al. 1996; but, for a conflicting result, see Hammer 1995).
Overall, therefore, a variety of approaches indicate a
recent origin for modern humans, a result that is incom-
patible with a "slow" rate of mtDNA evolution.
The present studies provide additional evidence that

mitochondrial mutations are fixed rapidly in individuals
because of "bottlenecking" during oogenesis (Haus-
wirth and Laipis 1982; Howell et al. 1992). According
to this model, only a small subset of the mitochondrial

genomes in the female germ-line pool are transmitted to
an offspring. As a consequence of bottlenecking, there-
fore, only a fraction of new mitochondrial mutations
will be transmitted to subsequent generations, but the
rate of fixation for that transmitted fraction will be
much more rapid than it would be if bottlenecking were
absent. Thus, the rate of mitochondrial mutation is
likely to be substantially higher than the rate of diver-
gence, particularly if a significant proportion of muta-
tions that are fixed in individuals are not fixed within the
population (see above). In our opinion, the evolutionary
implications of bottlenecking have not received suffi-
cient attention.
Our results suggest that recombination of mtDNA

molecules may occur in humans, although the detection
of a single clone with a recombinant genotype also raises
the specter of an artifactual origin such as might occur
with "jumping" PCR (Paabo et al. 1990). Further analy-
sis will be necessary for clarification of the facility with
which mtDNA molecules recombine in situ.

Finally, these results provide independent support and
additional illustrative detail for the contention that mu-
tations within the D-loop do not occur independently,
in time or in space, during evolution (Kocher and Wilson
1991; Wakeley 1993; Cummings et al. 1995; Yang
1995). In the first place, it is striking that, within the
TAS2 LHON family, the two germ-line mutations are
separated by only 40 bp and that they may have arisen
within the same generation (also, the somatic mutation
in family member X-1 8 occurs within 10 bp of the muta-
tion at nucleotide 195). Second, the mitochondrial ge-
nomes of the TAS2 and VIC2 LHON families descended
from a common ancestor, and they differ at nine sites
within the D-loop (Howell et al. 1995, fig. 7). In the
VIC2 lineage, since the last common ancestor, four se-
quence changes have occurred in the D-loop, three
within a span of 80 bp in hypervariable region I. In the
TAS2 mitochondrial genome, five changes have oc-
curred, four within an 80-bp span of the hypervariable
region II. This nonrandom pattern of substitution may
indicate that there is selective pressure to maintain cer-
tain secondary structural features that influence the initi-
ation of replication and/or of transcription, possibly by
affecting the binding of regulatory proteins (for a re-
cently described example of protein-mtDNA interac-
tions, see Gadaleta et al. 1996). Discussions of D-loop
evolution usually ignore its crucial role in these pro-
cesses.
The genealogical approach indicates that mutation of

the human mitochondrial genome may be even more
rapid than previously believed on the basis of phyloge-
netic or relative-branch-length approaches. In addition
to further analyzing the process of mtDNA evolution,
we should increase our attention to the broader question
of how (or whether) organisms can tolerate, in the sense
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of evolution, a genetic system with such a high muta-
tional burden.
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